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The influenza viruses have the ability to agglutinate erythrocytes by 
binding to sialic acid receptors on the host cell. Human influenza 
viruses preferentially bind to sialic acid linked to galactose by α 2.6 
linkage, while avian influenza viruses preferentially bind to sialic 
acid linked to Gal by α 2.3 linkage. There is a close correlation 
between the ability of influenza A viruses to agglutinate erythrocytes 
from different animal species and their receptor specificity. The hae-
magglutination and haemagglutination inhibition assays are influ-
enced by the species of erythrocytes. To provide an overview of the 
expression of sialic acid receptors on different erythrocytes, avian 
(turkey, chicken, pigeon) and mammalian (sheep, horse, human) 
species have been analysed by flow cytometry. Chicken, turkey 
and human erythrocytes display both types of linkages. Horse and 
sheep erythrocytes show almost exclusively α 2.3 Gal linkages, 
while pigeon erythrocytes express almost exclusively α 2.6 Gal 
linkages. The erythrocytes from the same avian and mammalian 
species have been evaluated by haemagglutination and haemagglu-
tination inhibition assays with seasonal and avian strains. Chicken 
and turkey erythrocytes seem to be the most appropriate for both 
assays with seasonal influenza strains, in addition to pigeon eryth-
rocytes, particularly for the B strains. In the case of the avian strain, 
chicken erythrocytes are suitable for haemagglutination assay and 
horse erythrocytes for haemagglutination inhibition assay. The 
choice of erythrocytes has a significant impact on the titres meas-
ured by both assays.
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Summary
Introduction
The influenza viruses have the ability to agglutinate 
erythrocytes by binding to sialic acid (SA) receptors on 
the host cell  [1, 2]. Human influenza viruses preferen-
tially bind to SA linked to galactose (Gal) by α 2.6 link-
age, while avian influenza viruses preferentially bind to 
SA linked to Gal by α 2.3 linkage [3].
There is a close correlation between the ability of in-
fluenza A viruses to agglutinate erythrocytes from dif-
ferent animal species and their receptor specificity. The 
agglutination of cells by viruses with specific linkage 
preferences depends on the amount of SA α 2.3 and α 
2.6 Gal linkages on the erythrocytes surface [4]. Several 
studies have shown that human, chicken, pig and guinea 
pig erythrocytes express both linkages; pig erythrocytes 
present a high proportion of SA α 2.6 Gal linkage, while 
chicken erythrocytes display greater SA α 2.3 Gal link-
age than those of guinea pigs and humans. Sheep, mouse 
erythrocytes display SA α 2.3 Gal linkage only; horse 
and cow mainly exhibit this linkage, while rabbit shows 
low amounts of SA α 2.6 Gal linkage [1, 4-6].
The haemagglutination assay (HA) and haemaggluti-
nation inhibition assay (HI) are influenced by the spe-
cies of erythrocytes. The HI assay is currently the most 
widely used to measure immune responses to influenza 
vaccines, and is considered the gold standard as a corre-
late of protection [7]. However, the assay has limitations 
including differences in the sensitivity of erythrocytes 
from individual animals of the same species, a high de-
gree of variability among laboratories owing to many 
factors (including the source of erythrocytes) and low 
sensitivity to B strains [8-10]. Traditionally the assay is 
performed with turkey erythrocytes, which are small, 
nucleated cells, displaying rapid sedimentation  [11]. 
However, these erythrocytes could significantly under-
estimate antibody responses to avian viruses, as they ex-
press a mixture of SA α 2.3 and α 2.6 Gal linkages, while 
avian viruses prefer the SA α 2.3 Gal linkage [6, 11, 12]. 
The use of horse erythrocytes has improved the detec-
tion of H5 antibody responses, owing to their higher pro-
portion of SA α 2.3 Gal linkage [6, 11, 13, 14] and are 
routinely used to measure HI responses to avian viruses. 
Furthermore, goose and guinea pig erythrocytes can en-
hance the sensitivity of the assay for avian strains [8].
The aim of this study was to provide an overview of the 
expression of SA receptors on avian (turkey, chicken, 
pigeon) and mammalian (sheep, horse, human) spe-
cies and possible intra-species variation for chicken and 
horse erythrocytes. The erythrocytes from the same avi-
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an and mammalian species have been analysed by HA 
and HI assays with seasonal and avian strains.
Methods 
Influenza viruses, serum samples  
and erythrocytes
The influenza viruses were the live, seasonal and pandem-
ic, strains from NIBSC and CBER: A/California/07/2009 
(H1N1, 15/252), A/Victoria/361/2011 (H3N2, 11/226) B/
Wisconsin/01/2010 (Yamagata lineage) (B, 12/198) and 
A/Indonesia/05/2005 (H5N1, H5-Ag-0904). The live vi-
ruses were propagated in 10-days-old embryonated chick-
en eggs and stored at – 80°C until use. 
The human serum samples from the serum bank of the 
University of Siena had been drawn from adults aged 17-
59 years, in compliance with Italian ethics law.
All serum samples were pre-treated with receptor destroy-
ing enzyme (RDE) from Vibrio Cholerae at 1:5 ratio (Sig-
ma Aldrich, Italy) for 18 h at 37°C in a water bath and then 
heat-inactivated for 1 h at 56°C in a water bath with 8% 
sodium citrate at 1:4 ratio before testing in the HI assay. 
The sources of erythrocytes for HA and HI assays and 
flow cytometry were: turkey, chickens (different batch-
es), sheep, horses (different breeds: Italian (IT), Argen-
tinian (AG), German Mecklenburger Kaltblut (GM), 
French Trait Percheron (TP F) and French Cheval de 
Trait (CT F), pigeon (Emozoo S.N.C., Italy) and humans 
(group 0) (Tab. I).
Haemagglutination assay
Erythrocytes were used at a 0.35% (for chicken, pigeon 
and turkey - seasonal strains), 0.50% (for humans, hors-
es, sheep - seasonal strains and turkey - avian strain), 
0.75% (sheep - avian strain) concentrations suspended 
in saline solution (0.9%). 
The HA assay was performed as previously de-
scribed [15]. 
The HA titre was expressed as the reciprocal of the high-
est influenza virus dilution showing complete agglutina-
tion [15].
The HA assay was performed in triplicate. Geometric 
mean titres (GMTs) of seasonal and avian strains were 
calculated in order to compare the different erythrocytes 
analyzed.
Haemagglutination inhibition assay
Erythrocytes were used at the same concentration of the 
HA assay. 
The HI assay was performed as previously de-
scribed [15]. 
The antibody titre was expressed as the reciprocal of the 
highest serum dilution showing complete inhibition of 
agglutination. Since the starting dilution was 1:10, the 
lower limit of detectable antibody titre was 10. When the 
titre was below the detectable threshold, the results were 
conventionally expressed as 5 for calculation purposes, 
half the lowest detection threshold.
The HI assay was performed in triplicate with human se-
rum samples. GMTs of seasonal and avian strains were 
calculated in order to compare the different erythrocytes 
analyzed.
Flow cytometry
The expression pattern of SA α 2.3 and 2.6  Gal link-
ages on erythrocytes was evaluated by flow cytometry 
using digoxigenin-conjugated specific lectins Sambucus 
nigra (SNA) and Maackia amurensis (MAA), which rec-
ognize the α 2.6 and the α 2.3 Gal linkages, respectively 
(Digoxigenin Glycan Differentiation Kit, Roche) as pre-
viously described  [5]. Sheep anti-digoxigenin fluores-
cein antibody was used to detect the lectins. Negative 
controls without lectins were evaluated. Flow cytometry 
was carried out on a GUAVA EasyCyte 6-2L flow cy-
tometer (Millipore) and the data were analyzed and plot-
ted by means of FlowJo software (TreeStar Inc). 
Statistics
Geometric Coefficient of Variation was calculated 
from the SD per sample across erythrocytes species. 
GCV = 100 x Sqrt (2SDlog2-1). Ratio’s between HI ti-
tres for different erythrocytes combinations were calcu-
lated per sample. The geometric mean ratio with 95% CI 
is presented in the ratio graphs.
Results
The expression of SA α 2.3 and α 2.6 Gal linkages was 
investigated by flow cytometry in avian species (chick-
en, turkey, pigeon) and mammalian species (sheep, 
horse and human). Chicken, turkey and human erythro-
cytes displayed both types of linkages. Notably, chicken 
erythrocytes expressed higher amounts of SA α 2.3 Gal 
linkage, and turkeys higher amounts of SA α 2.6  Gal 
linkage; human erythrocytes expressed both linkages in 
similar proportions. Horses showed almost exclusively 
SA α 2.3  Gal linkage, while pigeon displayed almost 
exclusively SA α 2.6  Gal linkage. Sheep erythrocytes 
expressed only α 2.3 Gal linkage (Fig. 1).
Tab. I. The erythrocytes used for the HA, HI assays and flow cytom-
etry (FC). Argentinian horse (AG), French horse (Cheval de Trait (CT F), 
German horse (Mecklenburger Kaltblut GM), Italian Horse (IT), French 
horse (Trait Percheron (TP F).
Erythrocytes HA assay HI assay FC analysis
Chicken X X X
AG horse X X X
CT F horse     X
GM horse     X
IT horse X X X
TP F horse     X
Human X X X
Sheep X X X
Pigeon X X X
Turkey X X X
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To assess intra-species variation, erythrocytes from dif-
ferent batches of chickens and different breeds of hors-
es – Italian, Argentinian, French (two breeds) and Ger-
man – were tested (Fig. 2).
Chicken and horses erythrocytes showed much higher α 
2.3 Gal linkage than α 2.6 Gal linkage with variation in 
the expression among the same species.
In addition to the flow cytometry, the HA and HI assays 
were performed with erythrocytes from chicken, turkey, 
sheep, pigeon, humans and horses for both, seasonal (A/
California/07/2009 H1N1, A/Victoria/361/2011 H3N2, 
B/Wisconsin/01/2010 - Yamagata lineage) and avian (A/
Indonesia/05/2005 H5N1) strains to investigate the influ-
ence of different erythrocytes on seasonal and avian titres. 
Seasonal viruses did not agglutinate horse and sheep 
erythrocytes. Regarding the A/California/07/2009 H1N1 
strain, the highest geometric mean (GM) HA titre was 
displayed by chicken erythrocytes (2016), followed by 
turkey (1600) and pigeon (1270). Turkey erythrocytes 
(1600) were more sensitive to the A/Victoria/361/2011 
Fig. 1. Expression of SA α 2,3 and α 2,6 Gal linkages in erythrocytes from avian (turkey, chicken, pigeon) and mammalian (sheep, horse, 
humans) species. Data originated from replicates of the same samples. a) Erythrocytes were incubated with DIG-labeled SNA (α 2,6 Gal link-
age), DIG-labelled MAA (α 2,3 Gal linkage) or without lectins (-) and subsequently incubated with anti-digoxigenin antibody conjugated with 
fluorescein. Cells were analysed by flow cytometry and the results were expressed as the log10 relative fluorescence versus number of cells. 
The graphs show the Mean Fluorescence Intensity (MFI). Data are presented as mean ± SD (n ≥ 2). Representative histograms are shown. 
b) Distribution of α 2,3 and α 2,6 Gal linkages among animal species. The graphs show the MFI. Data are presented as mean ± SD (n ≥ 2).
Fig. 2. Variation of SA α 2,3 (MAA) and α 2,6 (SNA) Gal linkages within different chickens and horses (Mean MFI with 95% confidence intervals). 
Data are presented as mean SD (n ≥ 4). Different symbols indicate chickens (4 individuals) and horses (circle = Cheval de Trait – French –; 
square = Mecklenburger Kaltblut (German); diamond = Percheron (French); up triangle = Italian horse and down triangle = Argentinian 
horse).
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H3N2 strain than those from pigeons (1008), chickens 
(800) and humans (716). In the case of the B/Wiscon-
sin/01/2010 strain, turkey erythrocytes (716) yielded 
the highest HA titre, whereas other erythrocytes species 
displayed much lower HA titres. Human erythrocytes 
showed relatively low HA titres for all three seasonal 
strains (Tab. II).
The avian H5N1 strain elicited the highest HA titres in 
chicken erythrocytes (12800) (Tab. II).
Considerable variations in HI titres were detected when 
using different sources of erythrocytes for seasonal and 
avian strains. Overall, chicken erythrocytes displayed the 
highest titres for all the seasonal strains. Horse and sheep 
erythrocytes added much variation for H5N1 strain and 
horse erythrocytes yielded the highest titres (Fig. 3).
Regarding the H1N1 and H3N2 strains, the highest HI 
titres were displayed by chicken erythrocytes followed 
by pigeon and turkey erythrocytes showing the same ti-
tres. The only statistically significant difference is be-
tween chicken and human erythrocytes for H1N1 strain. 
For the H3N2 strain, turkey and human yield lower HI 
titres than chicken and human gives lower titres than tur-
key (Fig. 4). Human erythrocytes showed low HI titres 
for both strains (Fig. 4). For the B strain turkey yields 
lower titres than chicken.
Samples 1-4 yielded positive titres with chicken erythro-
cytes while all other erythrocytes were negative.
The avian strain showed the highest HI titres when hors-
es erythrocytes were used. In particular, Italian horse 
gave significantly higher titres than Argentinian horse. 
Turkey and chicken displayed similar HI titres but lower 
than the other species. The HI titres with sheep erythro-
cytes were lower than human and horse and higher than 
chicken, turkey and pigeon (Fig. 5).
Discussion
The agglutination of cells by viruses with specific link-
age preferences depends on the amount of SA α 2.3 and 
α 2.6 Gal linkages on the erythrocytes surface. The hu-
man influenza viruses preferentially bind to SA linked 
to Gal by α 2.6 linkage, while avian influenza viruses 
prefer SA linked to Gal by α 2.3 linkage [13].
The HA and HI assays are based on the ability of influ-
enza viruses to agglutinate erythrocytes and are influ-
enced by the erythrocytes used, resulting in different HA 
and HI titres; these may explain some of the variation 
observed in the titres of both assays between different 
laboratories [8, 16-18].
Fig. 3. HI titres of human serum samples with different erythrocytes. 
Tab. II. HA GMTs of influenza seasonal and avian strains with different erythrocytes.
Influenza strain Erythrocytes
A/California/07/2009 
H1N1
Chicken 
2016
Turkey 
1600
Sheep 
no HA titer
Pigeon 
1270
Human 
800
IT horse 
no HA titer
AG horse 
no HA titer
A/Victoria/361/2011 
H3N2
Chicken 
800
Turkey 
1600
 Sheep 
no HA titer
Pigeon 
1008
Human 
716
IT horse 
no HA titer
AG horse 
no HA titer
B/Wisconsin/01/2010
Chicken 
358
Turkey 
716
 Sheep 
no HA titer
Pigeon 
179
Human 
89
IT horse 
no HA titer
AG horse 
no HA titer
A/Indonesia/05/2005 
H5N1
Chicken 
12800
Turkey 
8063
Sheep 
800
Pigeon 
6400
Human 
1600
IT horse 
6400
AG horse 
4032
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This study provides a comprehensive investigation of 
avian (turkey, chicken, pigeon) and mammalian (sheep, 
horse, humans) erythrocytes analysed by flow cytometry 
in order to investigate the expression of SA receptors. 
Moreover, the HA and HI titres with seasonal and avian 
strains have been evaluated to investigate the influence 
of different erythrocytes on both assays.
As reported in previous studies [1, 4-6], the results con-
firm that chicken erythrocytes showed higher amounts 
of SA α 2.3 Gal linkage, while turkey SA α 2.6 Gal 
linkage, sheep SA α 2.3 Gal linkage only and humans 
both linkages. In addition, a deeper investigation has 
been performed with the analysis of different batches 
of chickens’ erythrocytes. The results provide evidence 
of the variability in the expression of SA α 2.3  Gal 
linkages. This finding is of relevance as chicken with 
turkey erythrocytes are the most commonly used in 
HA and HI assays. It would therefore be interesting to 
analyse different batches of chicken in both assays and 
different batches of turkey by flow cytometry and HA/
HI assays in order to evaluate possible intra-species 
variability. The data seem to support that chicken and 
turkey erythrocytes, which are characterized by both 
linkages, are suitable for use in the HA assays with sea-
sonal strains. For the avian strain, the chicken eryth-
rocytes seem to be the best choice. The results are in 
good agreement with those of other studies, which have 
demonstrated the advantage of goose, guinea pig and 
turkey erythrocytes for avian strain in both assays and 
turkey erythrocytes for the HI assay with the human 
pandemic virus H1N1 [8, 16, 18, 19].
As expected, sheep erythrocytes were not agglutinated 
by seasonal influenza strains due to the lack of SA α 
2.6 Gal linkage. This is the only species analysed in this 
study that expresses exclusively SA α 2.3 Gal linkage. 
Fig. 4. HI titre ratio’s for erythrocytes comparisons (a ratio of 1 indicates equality, when the 95% CI do not include 1 the titre ratio is statisti-
cally significant p < 0.05) with seasonal influenza strains.
Fig. 5. HI titre ratio’s for erythrocytes comparisons with avian H5N1 strain.
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Nevertheless, they did not show high HA and HI titres 
for the avian strain.
Human erythrocytes seem not to be very useful for both 
assays with seasonal and avian strains despite express-
ing both linkages.
The novelty of the study is the characterization of pi-
geon erythrocytes displaying almost exclusively SA α 
2.6 Gal linkage. As for the chicken and turkey, which 
show appreciable expression level of SA α 2.6 Gal link-
age, pigeon erythrocytes yielded good HA titres with 
seasonal strains. Unexpected results were obtained 
with the avian strain where an appreciable HA titre has 
been observed. The HA data from sheep and pigeon 
erythrocytes may suggest that other mechanisms, in ad-
dition to a preference for SA α 2.3 or 2.6 Gal linkages, 
could be involved in the assay and need to be further in-
vestigated. The pigeon erythrocytes resulted in appre-
ciable HI titres with H1N1 and H3N2 strains, compara-
ble to those of turkey, and a high titre with influenza B 
strain. These data suggest that this animal species may 
constitute an interesting alternative, particularly for the 
B strains, and additional data should be gathered on 
pigeon erythrocytes.
Horse erythrocytes showed almost exclusively SA α 
2.3 Gal linkages and therefore were not agglutinated by 
seasonal strains. A deeper investigation has been per-
formed analysing different breeds of horse’ erythrocytes. 
The data displayed diverse expression of SA α 2.3 Gal 
linkages among the breeds. It would be interesting to per-
form the HA and HI assays with different breeds of horses 
in order to evaluate possible differences in the titres. 
The HA titre of the horses was lower than that seen in 
erythrocytes from other species with the avian strain. 
These results are in line with those of a previous study, 
in which horse erythrocytes were the least sensitive with 
the HA assay but provided the highest antibody titre in 
the HI assay [17]. The use of horse erythrocytes signifi-
cantly improved the sensitivity of the HI assay for the 
detection of antibodies against avian H5N1 virus, thus 
overcoming the initial drawback of using avian strains 
and supporting the HI assay as an effective means of 
evaluating pandemic vaccines [11, 13, 14, 20, 21]. 
Conclusions
The data from the present study provide evidence that the 
choice of erythrocytes has large impact on the HI titres 
for seasonal and avian strains. Collectively, chicken and 
turkey erythrocytes seem to be the most appropriate for 
both assays with seasonal influenza strains, in addition to 
pigeon erythrocytes, particularly for the B strains. In the 
case of the avian strain, chicken erythrocytes are suitable 
for HA assay and horse erythrocytes for HI assay. Espe-
cially the horse erythrocytes showed a deep impact for 
the HI titres. However, the differences in HA and HI titres 
highlight the need to harmonize the choice of erythro-
cytes for both assays, in order to define the most suitable 
species and conditions for assays involving seasonal and 
avian strains. The choice of erythrocytes has a significant 
impact on the titres measured by both assays. The selec-
tion and standardization of appropriate erythrocytes could 
significantly increase the sensitivity and reproducibility of 
the assays. The cooperation among regulatory authorities, 
academia, public health institutions and manufacturers is 
aimed at standardizing assays such as HI [22].
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